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Protein decay rates are regulated by degradation machinery that clears unnecessary housekeeping
proteinsandmaintainsappropriatedynamicresolutionfortranscriptionalregulators.Turnoverrates
are also crucial for ﬂuorescence reporters that must strike a balance between sufﬁcient ﬂuorescence
for signal detection and temporal resolution for tracking dynamic responses. Here, we use
components of the Escherichia coli degradation machinery to construct a Saccharomyces cerevisiae
strain that allows for tunable degradation of a tagged protein. Using a microﬂuidic platform tailored
for single-cell ﬂuorescence measurements, we monitor protein decay rates after repression using an
ssrA-tagged ﬂuorescent reporter. We observe a half-life ranging from 91 to 22min, depending on the
level of activation of the degradation genes. Computational modeling of the underlying set of
enzymaticreactionsleadstoGFPdecaycurvesthatareinexcellentagreementwiththeobservations,
implying that degradation is governed by Michaelis–Menten-type interactions. In addition to
providing a reporter with tunable dynamic resolution, our ﬁndings set the stage for explorations of
the effect of protein degradation on gene regulatory and signalling pathways.
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Introduction
A central focus of synthetic biology is constructing isolated
gene regulatory networks in living cells in order to determine
their dynamical behavior in a given environment. The
complexity of naturally occurring gene networks makes this
determination difﬁcult, and many investigators have concen-
trated on smaller artiﬁcial ‘circuits’ in an attempt to under-
stand fundamental principles (Hasty et al, 2002; Sprinzak and
Elowitz, 2005). These smaller networks are more amenable to
computational modeling, construction and modiﬁcation. In
addition, the systematic construction of genetic circuits from a
set of quantitative design principles will accelerate progress
towards therapeutic applications.
Many cellular functions rely on underlying regulatory
processes that are highly dynamic. In the context of
interconnected gene regulatory and signalling networks, the
persistence of mRNA and protein molecules has a large effect
on the overall behavior of the cell. This effect often manifests
in the underlying network dynamics, where degradation rates
can play a central role in mitigating crucial timing events.
Naturally occurring components are often adapted for the
construction of artiﬁcial gene circuits. These components are
usually stable, and this stability constrains the ability to
monitor highly dynamic circuits and to construct circuits that
possess desired response characteristics. For example, GFP is
often used as a reporter in native and artiﬁcial synthetic
genetic networks, due to its ability to be expressed in various
hosts without interfering with cellular function. However, GFP
is stable in most cells on a time scale of hours to days
(Andersen et al, 1998). Once stable GFP is expressed, it is
cleared from the system only through growth and subsequent
dilution, making measurements at higher temporal resolution
difﬁcult to interpret. Temporal resolution can be improved by
decreasing the half-life of ﬂuorescent proteins. However, such
an increase in temporal responsiveness is not without cost,
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www.molecularsystemsbiology.comsinceitreducesdetectablesignal.Ideally,onecouldcontrolthe
stability of a network component, tuning it to balance the
needs of signal detection and dynamical resolution.
There have been several studies that use native protein
degradation systems to make network components less
persistent. Andersen et al (1998) used the ssrA system in
Escherichia coli to target proteins to degradation pathways. In
bacteria, polypeptides that stall during translation (e.g., under
starvation conditions) have an 11-amino-acid tag added to
their C-terminus by a small ssrA molecule. This tag is
speciﬁcally recognized by the ClpXP proteasome, and tagged
proteins are degraded (Gottesman et al, 1998; Karzai et al,
2000). More recently, it was demonstrated that degradation in
E. coli could be increased with a modiﬁed tag that binds a
helper molecule (McGinness et al, 2006). In Saccharomyces
cerevisiae, a similar system was described that made transla-
tionalfusionsbetweenagivenproteinandadomainofCLN2,a
yeast protein that is degraded quickly (Mateus and Avery,
2000). It has also been shown that modiﬁcation of the S.
cerevisiae N-degron signal sequence can lead to impressive
destabilization of reporters down to a half-life of 2min
(Hackett et al, 2006). While all of these systems produce more
dynamic proteins, none focused on developing tunability over
a wide range of degradation rates. In addition, the over-
expression of native degradation components in the same
organism for the purpose of increasing degradation can have
undesired pleiotropic effects.
Results and discussion
We have constructed a S. cerevisiae strain (CGD699) that
allows tunable degradation of a tagged protein. To accomplish
this, we expressed a modiﬁed E. coli ClpXP protease in yeast
under the control of a repressible promoter. Proteins that are
tagged with the ssrA tag are quickly degraded, and this
degradation rate is controlled by the induction level of ClpXP.
WeintegratedthetwoE.coligenes(clpXandclpP)thatcodefor
the ClpXP protease into the yeast genome (Figure 1, and
Materials and methods). We found that the clpX gene needed
tobemodiﬁedwith10silentmutationstobeexpressedinyeast
(see Materials and methods). These two genes were placed
underthecontroloftwoseparatecopiesofthemodiﬁedADH1i
promoter (Blake, 2003), at two different loci in the yeast
genome. Additionally, we integrated mlacI, a mammalian-
enhanced version of lacI (Cronin et al, 2001), controlled by a
wild-type ADH1 promoter. The wild-type version of the ADH1
promoter exhibits constitutive expression, while the ADH1i
yEGFP-ssrA
Figure 1 Network diagram of the degradation module in yeast. The GAL1
production promoter drives repressible expression of yeast-enhanced GFP
tagged with the ssrA tag. yEGFP is induced by galactose and repressed by
glucose. Two separate copies of the LacI-repressible ADH1i promoter drive
expression of E. coli ClpP or E. coli yClpX. ClpXP is induced by the addition of
IPTG to bind to mLacI. The proteolytic complex ClpXP degrades ssrA-tagged
proteins. A wild-type ADH1 promoter drives the expression of mLacI. All four
cassettes are integrated into the yeast genome.
0
50
100
150
[0] [100] [500] [1000] [5000]
K699
CGD699
D
o
u
b
l
i
n
g
 
t
i
m
e
 
(
m
i
n
)
Strain & [IPTG] (µM)
K699
+yEGFP
K699
+yEGFP+ClpXP
A
M
e
a
n
 
f
o
r
w
a
r
d
 
s
c
a
t
t
e
r
 
(
A
U
)
B
0
100
200
[1] [10] [25] [50] [100] [250] [500] [1000] [2500] [5000] K699
CGD699
Strain & [IPTG] (µM)
M
e
a
n
 
f
l
u
o
r
e
s
c
e
n
c
e
 
(
A
U
) 400
300
200
100
0
C
Fluorescent protein & [IPTG] (µM)
[0] [5000]
CGD759-GFP-LAA CGD759-GFP
[0] [5000]
Figure 2 Effect of the exogenous degradation machinery on CGD699. (A)
Doubling times in batch culture for various strains and IPTG concentrations.
Shown are the original strain (K699), two intermediate strains (K699 with yEGFP
and K699 with yEGFP and ClpXP) and the complete strain (CGD699). (B) Flow
cytometry forward scatter means for K699 and CGD699 for various IPTG
concentrations. Note that varying the IPTG level (and therefore the resulting
concentrationofClpXP)doesnotsigniﬁcantlyaffectthe forwardscatter.(C)Flow
cytometry ﬂuorescence means for CGD759 derivatives containing either
untagged or ssrA-tagged yEGFP integration cassettes. CGD759 contains
integrated clpP, clpX and lacI expression cassettes as in CGD699. Note that
theaddition ofIPTG causesaloss ofﬂuorescenceonly withssrA-taggedyEGFP.
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of IPTG to the medium results in ClpXP production and
degradation of a tagged protein. To demonstrate the utility of
this approach, we also integrated a yEGFP gene tagged with an
11-amino-acid ssrA tag (AANDENYALAA), under the control
of the GAL1 promoter into CGD699. This promoter is fully
induced by 0.5% w/v galactose and repressed by 2% w/v
glucose. CGD699 cells grown in the presence of galactose
produce GFPand are ﬂuorescent, andGFP production ceases if
the carbon source in the media is switched from galactose to
glucose. Observations of growth rate and morphology indicate
that the exogenous proteases cause no deleterious cellular
effectsoverawiderangeofIPTGlevels(Figure2AandB).While
coexpression of tagged yEGFP and the degradation machinery
resulted in almost complete loss of ﬂuorescence, coexpression
of untagged yEGFP with the degradation machinery showed no
signiﬁcant drop in ﬂuorescence (Figure 2C). This conﬁrms that
the degradation effect is speciﬁc to tagged proteins.
We further investigated the ability of CGD699 cells to degrade
tagged yEGFP in response to IPTG induction by microscopy in a
microﬂuidic chamber. Prior to imaging, the cells were grown in
log phase for 24–36h in media containing 0.5% galactose and
the experimental IPTG concentration. These cells were then
loaded into a yeast microﬂuidic chamber (Cookson et al,2 0 0 5 )
that was designed to allow temporal switching of inducer
(Bennett et al, 2007). The growth media was switched to media
containingIPTGand2%glucosetoshutoffGFPproductionfrom
the GAL1 promoter. Figure 3A shows a series of bright-ﬁeld and
corresponding ﬂuorescent images for cells exhibiting active
degradation in the 1mM IPTG condition (also see Supplemental
Movie). In cells with yeGFP-ssrA but without clpXP incorpora-
tion, the half-life of GFP was 104719min. This half-life is the
result of growth-related dilution (note that the doubling time of
the batch culture grown on galactose was approximately
125min; see Figure 2A). The induction of varied expression of
the ClpXP protease allows the reduction of the half-life of GFP to
aslowas22minat5mMIPT G.
Previous studies have used exponential ﬁts to characterize
the half-life of the reporter. We found that modeling decay as
arising from a set of enzymatic Michaelis–Menten reactions
ledtoexcellentagreementbetweenmodelandexperiment(see
below). However, in order to systematically compare with the
previous ﬂuorescent reporter degradation studies, we chose to
ﬁrst analyze the ﬂuorescence trajectories with exponential ﬁts
that were reasonably accurate (Figure 3B). From these ﬁts, we
wereabletocalculatethe meanhalf-life foreachconcentrationof
IPTG, as shown in Figure 3C. The half-life decreases from a value
of 91min for no IPTG to 22min for media containing 5mM IPTG.
In addition to the exponential ﬁtting, we used the experi-
mental data to determine how the degradation process should
be modeled. For this, we assumed that both the GAL1 and
ADH1 promoters are constitutive, and that yEGFP-ssrA, ClpXP
andmLacIhavereachedequilibriumbeforetheintroductionof
glucose. In this case, the transcription of the GAL1 promoter
stops once glucose has been added and its mRNA begins to
decay exponentially from its steady-state value. However, the
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Figure3 DegradationoftaggedGFPinyeastcells.(A)Aseriesofimagesinbothbright-ﬁeld(above)andﬂuorescence(falsecolored,below)imagingofGFPdecaying
in yeast cells at 1mM IPTG induction. The 90min timestamp of the ﬁrst image is 30min after the media switch from galactose to glucose. (B) Representative time
ﬂuorescence trajectories of three cells in differing concentrations of IPTG. (C) Experimentally measured half-lives of yEGFP-ssrA as a function of IPTG concentration,
compared to mean ﬂuorescence. The black squares (half-lives; left y-axis) are determined from single-cell microscopy time trajectories. The red triangles (mean
ﬂuorescence; right y-axis) are derived from ﬂow cytometry experiments. The x-axis is a discontinuous log scale. (D) Comparison of single-cell trajectories (symbols) to
time series obtained from numerical integration of equation 1. Each trajectory was numerically ﬁt to the data.
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describing the dynamics of the concentration of yEGFP-ssrA:
. x ¼
c
g
exp  gt ðÞ   dx  
Vx
K þ x
; ð1Þ
where x is the concentration of yEGFP-ssrA, g is the
degradation rate of the GAL1 mRNA, c is a constant related
to the transcription and translation rates of GAL1, d is the
dilution rate and Vand K are the Michaelis–Menten constants
describing the ClpXP-mediated enzymatic decay of yEGFP-
ssrA. We assume that glucose is added at t¼0, so that
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is the steady-state initial concentration. Because the constant
V is proportional to the concentration of the enzyme (ClpXP),
it will increase with increasing levels of IPTG (which activates
ClpXP production). Therefore, increasing the concentration of
IPTG will increase the degradation rate of the substrate
(yEGFP-ssrA). Figure 3D shows a comparison between single-
cell data from three trials (symbols) and time series obtained
from a numerical best-ﬁt algorithm of equation 1 (solid lines).
The excellent agreement implies that ClpXP-mediated degra-
dation is a Michaelis–Menten enzymatic process, as opposed
to ﬁrst-order decay, which is often assumed in models
describing signalling or gene-regulatory networks.
We have adapted the prokaryotic ssrA tagging system
(Andersen et al, 1998; Gottesman et al, 1998) for use in
eukaryotic yeast cells. The CGD699 strain allows for the tunable
degradation of any protein by adding a short amino-acid tag. In
reporter systems, the competing requirements of signal detection
and dynamical resolution can be balanced without the need for
additional cloning procedures. This system has several advan-
tages over previously described systems. The degradation is
tunable overa range of IPTG concentrations. The degradation tag
is small and presumably unlikely to interfere with protein
function. The small size of the tag simpliﬁes construction of
tagged genes by PCR ampliﬁcation or use of a tagging vector, and
many genes can be tagged in parallel. Several variant ssrA tags
have been described (Andersen et al, 1998; McGinness et al,
2006), allowing another level of control. Induction of ClpXP was
non-toxic, as we found no signiﬁcant change in growth rate or
morphology at different IPTG concentrations. In addition,
although a yeast homologue to ClpX has been identiﬁed (van
Dyck et al, 1998), it is located in the mitochondria and acts as a
chaperone and not a protease. No homologue to ClpP has been
foundinyeast.Thedegradationcomponentsarestablyintegrated
into the yeast genome, which allows it to be adapted for use with
any numberof tagged targets,either integrated orexpressed from
ap l a s m i d .D u et ot h es i m p l en a t u r eo ft h es y s t e m ,i tm i g h tb e
portableintoothergeneticallytractableeukaryoticmodels.There
is evidence that bacterial ClpX and ClpP can interact with
mammalian mitochondrial ClpX and ClpP (Kang et al,2 0 0 2 ) ,b u t
the restricted subcellular localization of these mammalian
proteins should limit in vivo interaction.
Increased degradation might be achievable by coexpressing
the E. coli sspB gene, which facilitates ssrA tag binding to the
ClpXP protease (Hersch et al, 2004). Although we have only
used the CGD699 strain with a ﬂuorescent reporter protein, it
should be applicable to any protein that can support the short
C-terminal ssrA (Huh et al, 2003). We expect that this system
will prove useful for a variety of applications where increased
temporal resolution is desired, both as a tool in the
construction of small-scale synthetic networks (Hasty et al,
2002; Sprinzak and Elowitz, 2005), and in systems biology
studies, which seek to unravel network connectivity through
perturbation of a given component (Ideker et al, 2001; Faith
et al, 2007).
Materials and methods
Growth of microorganisms
S. cerevisiae cells were grown at 301C with 300r.p.m. shaking in SD
dropout media containing appropriate amino-acid supplements. This
was supplemented with 20mg/l tryptophan, histidine and uracil and
100mg/lleucine, as appropriate. E. coli DH5a cells were grown at 371C
withshakingat300r.p.m.inLBmediumsupplementedwith100mg/ml
ampicillin to maintain plasmids.
Construction of strains
DNA manipulations were carried out by standard techniques
(Sambrook and Russell, 2001). yEGFP (Sheff and Thorn, 2004) was
cloned from pRS31-yg (Volfson et al, 2006) into an ssrA tagging vector
that attachedan ssrAtag (AANDENYALAA) to the C-terminal end,and
then cloned back into pRS31-yg and integrated into the HIS3 locus of S.
cerevisiae strain K699. clpX and clpP were cloned from E. coli 2.300 by
genomic PCR using Phusion polymerase (New England Biolabs). clpP
was placed behind the LacI-repressible ADH1i promoter on pRS3GFPi
(Blake, 2003), replacing the GFP gene. The promoter–gene–terminator
cassette was then cloned into pRS404 and incorporated into the S.
cerevisiae TRP1 locus. Yeast-optimized clpX was incorporated into the
S. cerevisiae URA3 locus via pRS406 using a similar procedure.
Mammalian-enhanced lacI (Cronin et al, 2001) was placed under the
wild-type ADH1 promoter on pRS3GFPa, replacing the GFP gene. The
promoter–gene–terminator cassette was then cloned into pRS405 and
incorporated into the S. cerevisiae LEU2 locus. Integrations were
conﬁrmed via selective auxotrophic plates. The resulting strain was
designated CGD699, and is available upon request. Other strains were
constructed by integrating the expression cassettes in a different order.
Yeast optimization of clpX
Our initial attempts to construct this strain resulted in ﬂuorescent
signal but no corresponding drop in ﬂuorescence when clpX and clpP
wereinduced.RT–PCRresultsshowedthatthemRNAwastranscribed,
but Western blotting results showed that the ClpX was not translated
(data not shown). We suspected that codon bias between the two
organisms was a factor, and optimized clpX for yeast expression.
Sources of possibly deleterious codon bias were identiﬁed by
comparing codon usages between E. coli and S. cerevisiae using the
Codon Usage Database (http://www.kazusa.or.jp/codon/). Arginine
codons were commonly problematic. We introduced 10 silent
mutations in two rounds of multiple mutagenesis using a previously
described method (Sawano and Miyawaki, 2000), and using Phusion
polymerase (NEB). We omitted the megaprimer step, instead
transforming single-stranded DNA directly into ultracompetent XL-10
Gold cells (Stratagene). The following primers were used (mutations
induced are set bold):
Primer 1: GGTCGCGGTATACAACCATTACAAAAGATTGCGCAACGG
CGATACCAGCAATGGCGTCGAG
Primer 2: GCTGCTGGCTGAAACGCTGGCTAGATTGCTGGATGTTCC
GTTCACCATGGCCGAC
Primer3:CTATCGCTAAGAAAGCGATGGCTAGAAAAACCGGTGCCC
GTGGCCT.
Tunable protein degradation in Saccharomyces cerevisiae
C Grilly et al
4 Molecular Systems Biology 2007 & 2007 EMBO and Nature Publishing GroupClpXP-mediated GFP decay analysis
A microfabricated chemostatic growth chamber that contained an on-
chip media switch was used to measure ClpXP-mediated GFP decay
within single cells. The microdevices were fabricated using well-
documented poly-dimethylsiloxane (PDMS, Dow Corning Sylgard
184) replica molding techniques (Xia and Whitesides, 1998).
Chambers were fabricated to 4mm in depth to facilitate quantitative
ﬂuorescence imaging of single cells (Cookson et al, 2005).
Beforeexperimentation,cellsweregrownfromplatesinappropriate
auxotrophic media containing 0.5% galactose, 2% rafﬁnose and the
experimental IPTG condition for at least 24h in batch culture. Each
culture was maintained in log-phase growth. Yeast cells were loaded
into microfabricated growth chambers at an OD600 of 0.4–0.6 and
allowedtogrowfor1hinloadingmedia.Theywerethentransferredto
media containing 2% (w/v) glucose and no galactose, the experi-
mental IPTG concentration and a red ﬂuorescent tracer dye (sulforho-
damine 101, Sigma).
Cells were imaged over the course of 4–12h in bright ﬁeld, green
ﬂuorescence and red ﬂuorescence at 5min intervals. Images were
processed by background and camera bias subtraction and ﬂatﬁeld
correction. Individual cells were segmented from image backgrounds
using bright-ﬁeld images. Mean pixel intensity within each object was
calculatedandtrackedthrougheachtimeseriesusingobjectcentroids.
Temporal proﬁles of 15–30 cells that exhibited decay responses for
each IPTG concentration were collected. All image processing,
segmentation and tracking procedures were performed using software
developed in Matlab (The Mathworks Inc.).
Supplementary information
Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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